Since neuronal insulin receptor substrate 2 (IRS2)-mediated signals coordinate key processes in rodent physiology such as food intake, fertility, longevity, and aging-related behavior, we analyzed the mechanisms of neuronal IRS2 expression in neuroblastoma (SHSY5Y) and hypothalamic (GT1-7) cell lines. Using dual luciferase reporter assays and IRS2 promoter deletion constructs, we identified a regulatory cassette within the IRS2 promoter between K779 and K679 bp from the translational start which is responsible for w50% of neuronal IRS2 promoter activity. Chromatin immunoprecipitation assays and electromobility shift assay revealed four overlapping ZBP89/specificity protein 1 (SP1) binding sites which alternatively bind to ZBP89 (ZNF148 as listed in the HUGO Database) or SP1. Activation of this cassette is inhibited by phosphoinositide-3-kinase (PI3K) via increased ZBP89 binding to the promoter. Serum starvation caused increased SP1 binding at one specific SP1 site and decreased binding to another, proving a regulatory interaction between the different binding sites within this promoter cassette to tightly control IRS2 expression. Mutants containing all the possible combinations of one, two, three, or all the four SP1 binding sites of the IRS2 promoter revealed that SP1 binding to one particular site is most important for promoter activation. Stable downregulation of ZBP89 using siRNA substantially increased IRS2 mRNA and protein expression. Thus, alternative binding of ZBP89 or SP1 to the described region in the IRS2 promoter regulates neuronal IRS2 expression in a PI3K-dependent manner.
Introduction
The insulin receptor substrate (IRS) protein family has at least four members, IRS1 to IRS4 (Sun et al. 1991 , 1995 , Lavan et al. 1997a , mediating the intracellular effects of the insulin and insulin-like growth factor 1 (IGF1) receptors. IRS protein-transmitted signals are involved in the regulation of cellular key processes such as transcription, protein synthesis, proliferation, and apoptosis (White 2003) . Upon activation, the IRS proteins bind to several Src homology (SH) 2 domaincontaining signaling proteins. This leads to the activation of several downstream targets, such as phosphoinositidedependent protein kinase-1, protein kinase B (PKB/AKT), p70 S6kinase , and GRB2, and inhibition of glycogen synthase kinase-3 as well as to the activation of the MAP-kinase pathway (White 2003) . The function of the different IRS proteins has been studied extensively in peripheral tissues such as muscle, liver, and pancreas (Thirone et al. 2006 , Haeusler & Accili 2008 , Kubota et al. 2008 . IRS2 has been shown to mediate insulin's effect to suppress hepatic gluconeogenesis and pancreatic b-cell compensation to insulin resistance (Withers et al. 1999 , Dong et al. 2008 . Consequently, investigation on IRS2 transcription has been focused on these tissues. The deepest insight into the regulation of IRS2 transcription has been gained from studies in hepatocytes. Briefly, insulin is able to downregulate IRS2 promoter activity in rat hepatocytes (Zhang et al. 2001) . Zhang et al. (2001 Zhang et al. ( , 2003 found a heptanucleotide in the IRS2 promoter functioning as insulin-responsive element. Furthermore, sterol regulatory element binding proteins (SREBPs) are able to bind to the IRS2 promoter and suppress IRS2-mediated signaling in the liver. The forkhead transcription factor FKHRL1 (FOXO3) induces IRS2 transcription, which is suppressed by SREBP-1a and -1c overexpression (Ide et al. 2004 , Shimano 2007 . PPARg coactivator-1 activates the IRS2 promoter, and this effect is inhibited by SREBP-1 as well. In the same region of the IRS2 promoter, there is an E-box overlapping the SREBP-1 and neighboring the FKHRL1 binding site. TFE3 (TCFE3 as listed in the HUGO Database) binds to this E-box to activate IRS2 promoter synergistically with the forkhead transcription factor (Fox)O1 (Nakagawa et al. 2006) .
So far, there is no information on the mechanisms of Irs gene transcription in neurons available even though Irs1, 2, and 4 are expressed in rodent brain. Irs4 expression is restricted to the hypothalamus, whereas Irs1 and 2 are found throughout the CNS. Recent data suggest that neuronal Irs2 expression exhibits distinct function during brain development, in metabolic regulation, and in rodent fertility (Burks et al. 2000 , Schubert et al. 2003 . Most recent reports suggest that IRS2 in the CNS regulates aging-related behavior and longevity. In particular, IRS2 deficiency in mice causes decreased neuronal proliferation and decreased fertility. Neuron-specific deletion of IRS2 prolongs lifespan (Taguchi et al. 2007) , and hypothalamic IRS2 deficiency leads to increased food intake and obesity (Lin et al. 2004) . Furthermore, neuronal IR (INSR)/IGF1/IRS2-mediated signals might be involved in the pathogenesis of human neurodegenerative diseases. Postmortem investigations of brains from patients with Alzheimer's disease revealed a markedly downregulated expression of IR and IGF1R as well as of IRS2, and these changes progressed with the severity of neurodegeneration, suggesting a role of IRS2 expression in the pathogenesis of neurodegenerative diseases , Steen et al. 2005 .
Since neuronal IRS2 might be involved in the development of metabolic disorders and possibly neurodegenerative diseases, we aimed to identify mechanisms regulating the transcription of IRS2 in neurons. Currently, there are no published studies available dealing with regulatory mechanisms underlying transcription of the IRS2 gene in neurons. In the current study, we demonstrate that alternative binding of ZBP89 (ZNF148 as listed in the HUGO Database) or specificity protein 1 (SP1) to a regulatory cassette in the IRS2 promoter regulates neuronal IRS2 expression in a phosphoinositide-3-kinase (PI3K)-dependent manner.
Materials and Methods

Chromatin immunoprecipitation assay
SHSY5Y cells were seeded in 10-cm dishes. One plate was used per experiment. Cells were kept serum free for 30 h, and were fixed with 1% formaldehyde for 10 and 5 min with 125 mM glycine at reverse transcription (RT). Cells were washed and harvested in 2 ml PBS. Pellets were lysed in lysis buffer (5 mM PIPES, pH 8, 85 mM KCl, 0 . 5% NP40, and 1! complete protease inhibitor (Roche)), and plasma membranes were destroyed by shearing through a 26 gauge needle. After 10 min on ice, nuclei and cell debris were pelleted at 1000 g. After resuspending in 750 ml high salt lysis buffer (1! PBS, 1% NP40, 0 . 5% sodium deoxycholate, 0 . 1% SDS, and 1! complete protease inhibitor) to open the nuclei, lysates were left on ice for 10 min. Released DNA was sonicated four times for 30 s at 50% power using a sonicator (Sonoplus-M73, BandelinElectronic, Berlin, Germany) on ice. Remaining cell debris was pelleted at 11 000 g, and supernatant was used for immunoprecipitation. Samples were split, and 350 ml were incubated with a specific antibody (ab; 3 mg) (anti-SP1 (H-225) X, anti-ZBP89 (H-184) X (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-RNApol II #39097 (Active Motif, Carlsbad, CA, USA) and 350 ml with a nonspecific control ab (3 mg) (normal mouse IgG #2025, normal rabbit IgG #2027 (Santa Cruz Biotechnology)), and 50 ml were left for input control. After incubating with the antibody (ab) for 4 h at 4 8C on a shaker, blocked protein G agarose was added and incubation was continued overnight. Prior to usage, protein G agarose was blocked in 1% BSA with 50 mg salmon sperm DNA (Sigma) in high salt lysis buffer. The next day, beads were washed twice with lysis buffer and four times with a wash buffer (100 mM Tris-HCl, pH 8, 500 mM LiCl, 1% NP40, and 1% sodium deoxycholate). After that, ab-coupled protein was released by incubation in 150 ml elution buffer (1% SDS and 0 . 1 M NaHCO 3 ) for 1 h at 25 8C. Agarose was pelleted and NaCl was added to the supernatant to a final concentration of 250 mM. Previously taken input controls were treated similarly. RNase A and proteinase K were added, and samples were incubated at 67 8C overnight. After decrosslinking, DNA was cleaned up with PCR cleanup kit (Qiagen).
PCR in chromatin immunoprecipitation assay
PCR for chromatin immunoprecipitation (ChIP) assay was performed using 5 ml of eluted DNA per sample. PCR was performed with a standard 30-cycle PCR program using 55 8C as the annealing temperature and 72 8C as the elongation temperature. Elongation time was 45 s, and Taq Polymerase LC (Fermentas Int. Inc., Burlington, Ontario Canada) was used in 1 . 5 mM MgCl 2 containing PCR buffer. for Gapdh promoter. PCR samples were separated on a 1 . 5% agarose gel in TAE buffer.
Cloning of IRS2 promoter luciferase reporter constructs
Full-length K2338 bp-IRS2 promoter was amplified from human genomic DNA using the following primers:
0 , and 5 0 -AAAAAG-CTTCGCGGGCGCTTCAGGCCGCG-3 0 . The resulting two PCR subfragments were cloned into pDrive (Qiagen) and pCR2.1 (Invitrogen). To construct the full-length promoter, the fragments were ligated XhoI/PstI and PstI/HindIII into pGL2 basic (Promega). IRS2-1585 bp was cut XhoI/HindIII out of IRS2-1585 bp-pCR2.1 and ligated XhoI/HindIII into pGL2. The other IRS2 promoter fragments K1962, K1235, K824, K688, K611, K500, and K398 bp were constructed using 5
0 as the forward primers and 5 0 -AAAGC-TTCGCGGGCGCTTCAGGCCGCG-3 0 as the reverse primer. IRS2 promoter full-length clone was used as a template, and fragments were ligated XhoI/HindIII into pGL2.
Dual luciferase reporter assay SHSY5Y cells as well as GT1-7 cells were transfected with 0 . 5 mg promoter reporter construct and 10 ng pRLCMV (Promega) per well in 24-well plates (Greiner Bio-One, Frickenhausen, Germany) using Effectene (Qiagen) according to the manufacturers' instructions. All measurements were done in triplicates (nZ6 independent experiments). After seeding in DMEM with 10% FCS and penicillin/streptomycin, cells were transfected the day after.
After starving the cells in DMEM without FCS for 30 h, dual luciferase reporter assay was performed according to the manufacturers' instructions (Promega) using a Mithras LB940 luminometer (Berthold Technologies, Bad Wildbad, Germany).
Electromobility shift assay
Nuclear extracts (NEs) were prepared from SHSY5Y cells that were starved in DMEM without FCS for 30 h. All procedures were performed at 4 8C. Cells, 10 7 , were pelleted, and lysed as described previously (Dignam et al. 1983) . Protein concentration of the final supernatant was determined by Bradford assay. Totally, 8 mg NE was used per sample. Oligonucleotides used in electromobility shift assay (EMSA) were annealed to yield double strands in 10 mM Tris-HCl, pH 8, and 50 mM NaCl, and the binding reaction was performed using the LightShift Chemiluminescent EMSA kit (Pierce). Oligonucleotides used for NF1 and SP1 binding were site A: 5 0 -CCCGCCCGGCCGGGC CGGGGCCTTCGCGGGAG-3 0 and 5 0 -CTCCCGCG-AAGGCCCCGGCCCGG CCGGGCGGG-3 0 , site B: 5 0 -GGCCTTCGCGGGAGGGGGAGGGGACGGCGG-GA-3 0 and 5 0 -TCCCG CCGTCCCCTCCCCCTCCCG-CGAAGGCC-3 0 , site C: 5 0 -GGCCCGGGGAGAAAGG-GGGGCGGGGCGGGGGCGC-3 0 and 5 0 -GCGCCC-CCGCCCCGCCCCCCTTTCTCCCCGGGCC-3 0 , and site D: 5 0 -GGGGC GCGCGGCCCGCCCCCGC-GAGCGCCGCGCC-3 0 and 5 0 -GGCGCGGCGCTC-GCGGGGGCGGGCCGCGCGCCCC-3 0 . For supershift, anti-SP1 (H-225) X and anti-ZBP89 (H-184) X (Santa Cruz Biotechnology) were used. To quantify changes in optical density of supershift bands, the software AIDA (Version 4.00.027, Raytest, Straubenhardt, Germany) was used.
Western blot
Antibodies used for western blotting after SDS-PAGE were anti-IRS2 #4502, anti-AKT #9272, anti-phospho AKT Figure 1 Isolation of the main activating regions in the IRS2 promoter using promoter deletion constructs. Dual luciferase assays were performed in GT1-7 and SHSY5Y cells using IRS2 promoter deletion constructs shortened stepwise from upstream. Cells were kept under serum-free conditions for 30 h before measurement. (A) IRS2 promoter fragments from K2338 to K398 bp were tested for luciferase activity. For verification of binding in ChIP assays SHSY5Y cells were fixated with formaldehyde, nuclear DNA was prepared, and after sonication fragmented and crosslinked DNA was incubated with antibodies against ZBP89, SP1, or RNApol II. After immunoprecipitation, decrosslinking, and DNA purification, the postulated binding region was localized via specific PCR primers. GAPDH primers were used for RNApol II control reaction. IP was performed using unspecific antibodies (K) of the same isotype and specific antibodies (C) against ZBP89, SP1, or RNApol II. Total sonicated decrosslinked DNA was used as positive input control (cont) for PCR. SP1 binding sites were mutated using site-directed mutagenesis as described in experimental procedures. Construction of stable transfected cell lines SHSY5Y cells were transfected with 2 mg linearized vectorconstruct (in the case of pCMV-FLAG, mIRS2 vector was cut with MluI, if pSuppressor Neo was used, the vector was cut with EcoRV (Fermentas)) with Effectene (Qiagen) according to the manufacturers' instructions. Two days after the transfection, cells were treated with a selection medium containing 1 mg/ml G418 (Sigma). After 3 weeks of selection, cells were harvested for separation. These clones were checked for expression, and single cells were picked. Clones grown from these single cells were tested for expression, and positive clones were selected for further experiments. Cells used for the experiments were grown without G418.
Results
IRS2 promoter activity in SHSY5Y and GT1-7 cells
To perform dual luciferase reporter assays in SHSY5Y and GT1-7 cells, which provide model systems for neuronal cells, we cloned the full-length promoter of IRS2 (2338 bp). After sequence confirmation, the promoter was cloned into pGL2. The full-length promoter showed high basal luciferase activity compared to mock transfection proving that the cloned sequence is a functional promoter (data not shown). To identify new transcription factors binding to and/or modulating IRS2 promoter activity, deletion constructs getting shorter from upstream in steps of 300 bp were amplified using PCR (Fig. 1A and B) . Promoter activity was nearly abolished using deletion constructs shorter than K824 bp in GT1-7 and SHSY5Y cells suggesting a major regulatory element proximal to K824 bp from the translation start site. To analyze this region of the IRS2 promoter in detail, we created further deletion constructs getting shorter from K824 bp. Interestingly, there was no simple breakdown of promoter activity after stepwise cutting down to K500 bp. In fact, basal luciferase activity of the different deletion constructs getting successively shorter went up and down, arousing suspicion of the existence of an activation cassette with multiple transcription factor binding sites. In detail, promoter activity decreased after cutting down to K749 bp and rose again after shortening to K700 bp and decreased stepwise after shortening to K688, K611, and finally to K500 bp (Fig. 1B) . After sequence comparison with a transcription factor binding site database (MatInspector, www.genomatix.de), we proposed an activation cassette of four ZBP89 (Wang et al. 1993 ) binding sites overlapping with four SP1 binding sites ( Fig. 2D and F ) between K779 and K679 bp upstream of the translation start site.
Confirmation of ZBP89 and SP1 binding to the activation cassette by ChIP assay
We performed ChIP assays using primers designed to amplify the whole activation cassette. ChIP assay was carried out as described in Materials and Methods. Binding of ZBP89 and SP1 to the promoter was validated via positive PCR signals precipitated by specific antibodies (Fig. 2A) . There was no signal detectable in control PCR using unspecific antibodies. Positive control for sonicated genomic DNA is shown in the right column of Fig. 2A . ChIP assay with GAPDH primers as control is shown at the bottom in Fig. 2A proving functionality of the assay. 
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The regulatory cassette of the IRS2 promoter in neuronal cells consists of four overlapping ZBP89/SP1 binding sites Sequence comparison using MatInspector revealed binding sites for ZBP89 and SP1. Both transcription factor binding sites overlap, as it has been shown in other promoters (Law et al. 1998 , Merchant et al. 1999 , Wieczorek et al. 2000 with SP1 as the activator and ZBP89 as the repressor. The first part of the activation cassette starts with binding site A (K779 to K766 bp) followed directly by site B (K765 to K743 bp). The potential SP1 binding sites are adjacent on the same side of the DNA helix. Potential ZBP89 binding sites overlap in sequence with SP1 sites. The second part of the activation cassette consisting of binding sites C (K726 to K704 bp) and D (K701 to K679 bp) lies 20 bp apart. Here, the potential binding sites of ZBP89 and SP1 are arranged crossover as shown in Fig. 2B .
Binding site B is most important for promoter activation in neuronal cells
We generated IRS2 luciferase promoter constructs containing all the possible combinations of one, two, three, or all the four SP1 binding sites mutated ( Fig. 2C-E) . We found that promoter activity was decreased if binding site B (between K779 and K688 bp from translation start) was mutated alone or in combination with the other SP1 binding sites ( Fig. 2C-E) . Mutation of all the four SP1 binding sites (A, B, C, D, Fig. 2E ) resulted in about 50% decreased promoter activity.
Binding sites A, B, C, D show different preference to ZBP89 and SP1 in EMSA
Detailed analyses of all the four ZBP89/SP1 binding sites revealed a preference of ZBP89 binding to site B and a predominant binding of SP1 to site C in EMSA experiments ( Fig. 3A and B, Supplementary Figure 1 , see section on supplementary data given at the end of this article). Both sites showed vice versa binding to the other corresponding transcription factor. The oligonucleotide containing the sequence of binding site D showed weak supershifting using antibodies against SP1 (Fig. 3B, Supplementary  Figure 1 ). But there was no supershift if ZBP89 antibodies were applied. Consequently, site D alone does not bind to ZBP89 under these experimental conditions. Site A showed a weak and inconsistent shift band even under constant experimental conditions.
Activation of IRS2 promoter in neuronal cells is repressed by PI3K
PI3K inhibition using LY294002 in SHSY5Y cells revealed an over twofold activation of the IRS2 promoter luciferase reporter plasmid (Fig. 4A) . Therefore, we treated SHSY5Y cells with rising concentrations of LY294002 and performed (*P!0 . 0005, unpaired Student's t-test).
M UDELHOVEN and others . SP1 and ZBP89 mediate neuronal IRS2 transcription EMSA using NEs obtained from these cells. Since binding site B is of particular relevance for promoter activation in luciferase assays, we used a double-stranded biotinylated oligonucleotide containing the sequence of binding site B in EMSA experiments. As shown in Fig. 4B , ZBP89 supershift was inhibited by rising LY294002 concentrations in these cells, whereas SP1 binding was unchanged. Thus, PI3K inhibition activates the IRS2 promoter via dissociation of ZBP89 from the activation cassette. We also performed luciferase promoter reporter assays in SHSY5Y cells with rising concentrations of LY294002 (Fig. 4C ) revealing a concentration-dependent increase in IRS2 promoter activity after inhibition of PI3K.
Serum deprivation changes ZBP89/SP1 binding within the activation cassette
We starved SHSY5Y cells in serum-free medium from 0 to 48 h (Fig. 5) . Thereafter, NEs were used in EMSA with antibodies against SP1 or ZBP89 for supershift. Transcription activator SP1 showed a stronger supershift band at binding site B with increasing starvation time ( Fig. 5A and C) . In the same setting, binding site C containing oligonucleotides showed decreased SP1 binding ( Fig. 5A and C) proving a functional interaction between the different binding sites in the described cassette. However, recruitment of the repressor ZBP89 to the transcriptional complex did not change under conditions of serum deprivation since the supershift band did not change using ZBP89 antibodies and oligonucleotides representing the sequence for binding site B or C (Fig. 5B) .
Generation of stable ZBP89 knockdown SHSY5Y cells
Since we found that ZBP89 might be important to build up transcription complexes regulating IRS2 promoter activity in neuronal cells, we aimed to identify the effects of mutations of the ZBP89 binding sites in the promoter. Unfortunately, it is impossible to investigate the function of the ZBP89 binding sites in the IRS2 promoter by mutation of luciferase reporter plasmids without destroying the overlapping SP1 binding sites. Therefore, we decided to use a siRNA-based approach. We cloned two sequences into the pSuppressor Neo vector. One sequence is active in suppressing ZBP89 transcripts (5 0 -AAGATCGAAGTATGCCTCACCTT-3 0 ), and for control we used the same sequence mutated in five bps (5 0 -AAGATCGAACGTGTCCTCACCTT-3 0 ) which is ineffective in ZBP89 suppression (Bai et al. 2004) . The constructs were linearized and transfected into SHSY5Y cells. Stable cell lines were generated as described in the Materials and Methods section.
ZBP89 represses IRS2 promoter activity
We checked the two cell lines 'SHSY5Y ZBP89 down' and 'SHSY5Y ZBP89 control' for ZBP89 expression. We were able to show downregulation of ZBP89 in the cell line expressing the functional siRNA (Fig. 6A) . The control cell line showed nearly unaltered ZBP89 expression. IRS2 protein expression was upregulated in SHSY5Y ZBP89 knockdown cells as shown by western blotting (top of Fig. 6A ) and quantitative real-time PCR (Fig. 6B ). In conclusion, ZBP89 works as a repressor in the described regulation cassette of the IRS2 promoter. Loss of the repressor causes activation of IRS2 transcription leading to an about twofold increased IRS2 expression in neuronal cells.
Insulin signaling is increased in ZBP89 knockdown SHSY5Y cells
We stimulated 'SHSY5Y ZBP89 down' and 'SHSY5Y ZBP89 control' cells with 100 nM insulin after cells were kept serum free for 30 h (Fig. 6C) . After performing SDS-PAGE using total cell lysates, we were able to detect phosphorylation of AKT at Ser 473 in control cells, but AKT phosphorylation was slightly stronger in ZBP89 knockdown cells after insulin stimulation. Consequently, ZBP89 might be able to modulate insulin/IGF1 receptor signaling via the control of IRS2 expression levels in neuronal cells.
Discussion
Until now, no function for ZBP89 in the regulation of proteins from the insulin/IGF1 receptor signaling cascade has been described. In the recent past, neuronal insulin/IGF1 receptor signaling has been shown to be important not only for the regulation of energy homeostasis but also for aging and longevity (Kenyon et al. 1993 , Giannakou & Partridge 2007 , Taguchi et al. 2007 , Cohen & Dillin 2008 .
ZBP89 is a transcription factor binding to GC-rich elements in different genes. In 1996, Merchant et al. discovered that EGF-induced activation of the gastrin promoter was repressed by ZBP89. The protein binds to and regulates the vimentin promoter by repressing SP1-mediated activation (Zhang et al. 2003) . Furthermore, ZBP89 has been shown to mediate the inhibitory effects of saturated fatty acids on the GH receptor gene (Thimmarayappa et al. 2006) . Direct binding of ZBP89 to p53, which causes growth arrest via p53 retention in the nucleus (Bai & Merchant 2001) , has been described as well. Interestingly, ZBP89 induces apoptosis in a JNK-dependent, but p53-independent manner (Bai et al. 2004) . In summary, ZBP89 inhibits cell proliferation (Remington et al. 1997) , induces apoptosis, and cooperates or competes with SP1 promoter binding sites, for example, in the STAT1 (Bai & Merchant 2003) and the vimentin promoter (Zhang et al. 2003) .
Two types of interactions between SP1 and ZBP89 to regulate promoter activity have been described. In the first case, both proteins compete for binding to an overlapping binding site. In the second case, e.g. in the vimentin promoter, binding sites of both transcription factors are located side by side (Zhang et al. 2003) and interaction of both proteins is achieved by DNA structure or multiprotein complexes. With regard to the IRS2 promoter activation cassette containing four potential ZBP89/SP1 binding sites, both models must be taken into consideration. Interestingly, all constructs containing a mutation annihilating SP1 binding to site B showed a reduction of luciferase activity. A single mutation on site B alone had a smaller effect on IRS2 promoter activity than combined mutations (including site B) of one, two, or three other sites. We were not able to verify binding of SP1 to all the sites in EMSA, but all the four sites might be essential to fully activate the promoter in neuronal cells under certain conditions. This assumption is supported by the fact that mutating SP1 binding site B in combination with A or D has a stronger effect on IRS2 promoter activity than the mutation of site B alone, even though we could only Figure 6 Stable knockdown of ZBP89 in SHSY5Y cells. (A) Cells were generated as described in experimental procedures. For control of ZBP89 expression, total cell lysate was prepared and samples were analyzed using western blot. Wild-type cells, a control cell line stably transfected with a mutant nonfunctional siRNA, and two clones stably transfected with the functional construct are shown. Actin was used for loading control. (B) Same cells were used for Taqman assays. Quantification of four independent experiments is shown. Data are meansGS.D. (C) Wildtype, control, and ZBP89 downregulated SHSY5Y cells were kept serum free for 30 h. Cells were stimulated with or without 100 nM insulin for 5 min as indicated. After preparing total cell lysates, western blots were performed using anti-phospho AKT ser 473 antibodies and anti-AKT antibodies as loading control. Data represent a typical result of four independent experiments. detect inconstant binding to site A and weak binding to site D under basal conditions. The cassette is arranged in two blocks as shown in Fig. 2B . These blocks are separated by w20 bp meaning that SP1 (A) and SP1 (B) binding sites are located on the same side of the DNA as ZBP89 (C) and SP1 (D) sites. With regard to the two adjacent binding sites within each block, the ZBP89 and SP1 sites are located directly side by side but do not overlap. Within each binding site, the SP1 and ZBP89 recognition sites overlap, which made it impossible to mutate ZBP89 binding without destroying SP1 binding simultaneously. Therefore, we chose a knockdown approach using siRNA against ZBP89.
In EMSA, we found that there was differential binding of ZBP89 and SP1 to sites B and C. Consequently, we assumed that the regulation of promoter activity might be controlled via competitive binding of the two proteins to each binding site. Furthermore, serum deprivation experiments revealed a possible functional interaction between the different ZBP89/SP1 binding sites as the mechanism of transcriptional regulation of the IRS2 promoter. After inhibition of PI3K, we found a strong activation of the IRS2 promoter in luciferase assays. We speculate that there might be an inhibitory effect of PI3K mediated via ZBP89 on binding site B. In fact, we were able to show that ZBP89 binding to site B was weakened with increasing PI3K inhibition. In conclusion, PI3K might inhibit the regulation cassette via ZBP89 binding to site B. Furthermore, we found a weak interaction of SP1 with site D and an inconstant binding to site A as well as an about 50% decreased promoter activity if site B is mutated simultaneously, suggesting that binding sites A and D are also involved in promoter activation.
However, a repressing effect on SP1 activity by ZBP89 on the bovine adrenodoxin promoter (Cheng et al. 2000) independent of direct ZBP89 binding to the DNA has been described. Concerning the IRS2 promoter, it might be that the transcriptional complex containing ZBP89 influences SP1 binding or activity of the already bound SP1 at adjacent sites. Recently, a potential mechanism for this has been described (Chupreta et al. 2007) . In detail, sumoylation of two motives flanking the DNA-binding domain of ZBP89 inhibited its interaction with SP1. Direct competition for a single individual DNA binding site between ZBP89 and SP1 was not influenced by this modification investigating one single ornithine decarboxylase (ODC) promoter site (Chupreta et al. 2007) . But engineered luciferase reporter plasmids bearing multiple units of ODC response elements (ZBP89/SP1, similar to the activation cassette in our work) presented with higher luciferase activities after eliminating ZBP89 sumoylation (Chupreta et al. 2007) .
To definitely test the influence of ZBP89 on IRS2 promoter repression, we created ZBP89 knockdown SHSY5Y cells using siRNA against ZBP89. Without changing SP1 concentration in these cells, we achieved a twofold increased IRS2 protein expression just by downregulation of ZBP89. Furthermore, we were able to show twofold higher IRS2 mRNA levels by comparing ZBP89 knockdown to control cells expressing the mutant form of the used hairpin siRNA. To investigate whether downregulation of ZBP89 influences insulin receptor signaling, we performed insulin stimulation experiments using PKB phosphorylation as readout (Pessin & Saltiel 2000) . PKB phosphorylation was slightly increased after insulin stimulation in ZBP89 knockdown cells than in control cells. Consequently, ZBP89 might be able to change the activity of the insulin/IGF1 receptor signaling cascade via the regulation of IRS2 levels in neuronal cells.
Thus, the present work revealed several new findings: 1) neuronal IRS2 promoter activity is tightly controlled by an activation cassette composed of four ZBP89/SP1 binding sites, 2) ZBP89 functions as a transcriptional repressor on the IRS2 promoter in neurons, 3) the different ZBP89/SP1 binding sites of the IRS2 promoter show functional interaction, and 4) ZBP89 binding to the IRS2 promoter is regulated by the PI3K pathway.
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